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Introduction

BNFL, Inc. (BNFL) is under contract with the U.S. Department of Energy, River Protection Project 
(DOE-RPP) to design, construct, and operate facilities for the treatment of wastes stored in the 
single-shell and double-shell tanks at the Hanford Site, Richland Washington. BNFL has contracted 
with Battelle Pacific Northwest Division to conduct tests to verify and validate the BNFL waste 
treatment process. The DOE-RPP has provided samples from tanks 241-AW-101, 241-AN-107,
241-C-104, and 241-C-106 to BNFL for this purpose.

This report describes the results of a test conducted by Battelle to assess the solubility of the solids 
entrained in the diluted AW-101 low-activity waste (LAW) sample. BNFL requested Battelle to 
dilute the AW-101 sample using de-ionized water to mimic expected plant operating conditions. 
BNFL further requested Battelle to assess the solubility of the solids present in the diluted AW-101
sample versus temperature conditions of 30, 40, and 50°C.  BNFL requested these tests to assess the 
composition of the LAW supernatant and solids versus expected plant-operating conditions. The 
work was conducted according to test plan BNFL-TP-29953-7, Rev. 0, Determination of the Solubility of
LAW Entrained Solids.  The test went according to plan, with no deviations from the test plan.

Personnel

The Battelle personnel and their responsibilities in performing this test are given below.

Staff Member Responsibilities

G.J. Lumetta
Cognizant scientist. Prepared test plan and designed 
experiment. Supervised performance of the test. Prepared 
analytical service request. Interpreted data and reported results.

R.C. Lettau Hot cell technician. Performed test.

M.W. Urie Managed chemical and radiochemical analytical work.

B.M. Rapko Technical reviewer.

K.P. Brooks Task Leader.

G.F. Piepel Statistical analysis of the data.

Experimental

Sample Description.  The sample used in this test was labeled as AW-101 ST. The homogenization, 
dilution, caustic adjustment, and sub-sampling of the as-received AW-101 sample were described by 
Urie 1999. The total volume of sample AW-101 ST was 25 mL and it contained approximately 2 mL 
of settled solids.

Apparatus. The apparatus used consisted of an aluminum heating block placed on a hot 
plate/stirrer.  The hot plate/stirrer was modified so that separate power could be applied to the 
heating and stirring functions.  This allowed for continuous stirring, while the hot plate was powered 
by a temperature controller. The temperature controller used was a J-KEM Model 270 (J-KEM
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Electronics, Inc., St. Louis, MO).  This temperature controller consists of two separate circuits. One 
is the temperature control circuit, while the other serves as an over-temperature device, which shuts 
down the system if a preset temperature is exceeded. The set point for the over-temperature circuit 
was set at 60°C for this test. A dual K-type thermocouple (model number CASS-116G-12-DUAL,
Omega Engineering, Stamford, CT) was used to provide inputs to the temperature controller and 
over-temperature circuits. Both the J-KEM Model 270 and the dual thermocouple were calibrated 
before use. The aluminum heating block contained two wells. A vial containing water was placed in 
one of the wells, with the thermocouple wedged between this vial and the aluminum block. The vial 
containing the sample was placed in the other well.

Procedure.(a) The sample in AW-101 ST was mixed by swirling. The homogenized slurry was then 
transferred to a 30-mL high density polyethylene (HDPE) vial (this vial also contained a
Teflon®-coated magnetic stir bar). The sample was heated and stirred at 30 ± 2 °C for 1.5 h. Two 
aliquots (2-mL each) were taken for analysis. Each aliquot was immediately filtered through a 
0.45-µm nylon syringe filter that had been preheated by immersion in a boiling water bath. The filter 
was preheated to avoid precipitation during the filtration step. The temperature was increased to 
40 ± 2 °C and the sample was stirred for 16.75 h.(b) The mixture was sampled in the same manner as 
described above. The temperature was increased to 50 ± 2 °C and the sample was stirred for 1.25 h. 
Again, the mixture was sampled in the same manner as described above. The filtered samples were 
subjected to the following analytical procedures: IC(anions), TOC/TIC, acid digestion, ICP/AES, 
ICP-MS(Tc-99), Sr-90, total alpha, total uranium, and GEA.

Results

Tables 1, 2, and 3 present the concentrations of various waste components at 30, 40, and 50°C, 
respectively. Table 4 shows the changes in the concentrations at 40 and 50°C relative to those at 
30°C. Appendix D discusses a graphical analysis of the data, as well as linear regression results of 
fitting component concentrations versus temperature. The following discussion is organized 
according to the following types of components: 1) radionuclides, 2) bulk metals and carbon, and 3) 
anions.

Radionuclides. The data suggest that the 137Cs concentration increased slightly with temperature. 
Increases of 2.3 and 5.6% in the 137Cs concentration occurred in going from 30 to 40°C and from 30 
to 50°C, respectively. Nearly identical increases were seen in the 99Tc concentrations. The increases
in 137Cs and 99Tc concentrations from 30 to 50°C were statistically significant (see Table 4). Linear 
regressions of 137Cs and 99Tc concentrations versus temperature had statistically significant positive 
slopes (see Appendix D).

On the other hand, the 90Sr concentrations appeared to decrease with increasing temperature. 
However there is considerable scatter in the 90Sr data; the standard deviations range from 20 � 58% 
of the mean 90Sr concentration values at each temperature. Thus, the indicated changes in the 90Sr

(a) The test plan and the associated procedural notes are included as Appendix A to this report.
(b) The test plan required the AW-101 sample to be maintained at temperature for at least 1 hour before 

sampling. For convenience, the sample was maintained at 40°C overnight. It should be noted that 
this test was not designed to address the kinetics of dissolution. Kinetics could potentially be 
important regarding the phenomena investigated here, but separate testing would be required to 
address this issue.
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concentrations are not statistically significant (see Table 4).  Similarly, the linear regression of 90Sr
concentration versus temperature had a slope that was not statistically different from zero (see 
Appendix D). The reason for the relatively high uncertainty in 90Sr concentrations was the relatively 
high background caused by the 85Sr tracer that was added in the analytical procedure to monitor Sr 
recovery.

All the transuranic elements (alpha emitters) were below the detection limits. Likewise, the europium 
isotopes 154,155Eu were not detected. It should be noted that the detection limits for the Eu isotopes 
were somewhat high because of the strong 137Cs activity in the sample.

Bulk Metals and Carbon. Most of the metals analyzed showed slight concentration increases with 
increasing temperature. Most notable are the increases seen for Al, Cr, and U. Increases in these 
three components are statistically significant based on the analyses presented in Table 4 and 
Appendix D. The Fe concentration increased approximately 20% when the temperature was raised 
to 40 or 50°C, with the increases assessed to be statistically significant (see Table 4). However, Fe 
was near the detection limit so that there is significant experimental uncertainty associated with this 
result.  The concentrations of K, Na, Ni, P, and Zr also displayed statistically significantly increases 
with increasing temperature.

The total organic carbon (TOC) concentration in the AW-101 solution also increased slightly with 
increasing temperature, with the increase being statistically significant (see Table 4 and Appendix D). 
The average total inorganic carbon (TIC) concentration increased when the temperature was raised 
from 30 to 40°C, but the TIC concentration did not increase further when the temperature was 
raised to 50°C. The changes from 30 to 40°C and 30 to 50°C are not statistically significant, because 
of the experimental uncertainties in the TIC measurements (see Table 4).

Anions. The data suggest that the F- concentration increased with temperature, with the increase 
being statistically significant. Increases of 12.5 and 19.2% in the F- concentration occurred in going 
from 30 to 40°C and from 30 to 50°C, respectively (see Table 4).  The linear regression of F-

concentration versus temperature also had a statistically significant positive slope (see Appendix D). 
The data also suggest the average Cl- concentration increased when the temperature was raised from 
30 to 40°C, although the increase was not statistically significant (see Table 4).  The Cl-
concentration did not increase further when the temperature was raised to 50°C. Statistical analyses 
of these data suggest the F- and Cl- concentration increases should be considered with caution as 
there is considerable scatter in the data. Sulfate and phosphate ions were below the detection limits 
of the ion chromatograph. Assuming phosphate ion is the dominant form of P in solution, the 
behavior of PO4

3- can be deduced from the ICP data as discussed above.

In determining the concentration of NO3
-, there was a significant discrepancy between the duplicate 

analyses for the solution taken at 40°C.  In particular, the nitrate concentration value obtained for 
sample AW101-SOL-40A2 was about twice that obtained for sample AW101-SOL-40A1.
Furthermore, the value of 131,250 µg/mL obtained for sample AW101-SOL-40A1 was more in line 
with those obtained for the solution at 30 and 50°C. This strongly suggests that the value reported 
for AW101-SOL-40A2 is in error. Perhaps this error was caused by nitrate contamination of the 
sample, or a dilution error.  Using the value of 131,250 µg/mL at 40°C, the data suggest a 10% 
increase in the nitrate concentration when the temperature is raised from 30 to 40°C.  However, 
there was a decrease in the nitrate concentration when the temperature was raised from 40 to 50°C. 
The linear regression of NO3

- concentration versus temperature (omitting the concentration value 
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for AW101-SOL-40A2 as an outlier) had a statistically significant lack of fit (see Appendix D).  This 
result suggests that a quadratic rather than linear relationship may be more appropriate.  However, 
the limited nature of the data (especially after omitting the outlier) raises the question whether the 
decrease between 40 and 50°C is significant.

Conclusions

The data are limited because they are based on a single AW-101 sample, from which was obtained 
two subsamples/analyses at each of three temperatures.  Further, the data for some AW-101
components are subject to considerable uncertainty.  However, there does appear to be an overall 
trend for the concentrations of certain AW-101 waste components (e.g., 137Cs, 99Tc, Al, Cr, K, Na, 
Ni, P, U, Zr, TOC, F-, and NO3

-) to increase with increasing temperature.  Typical increases were on 
the order of 2 to 5% for each 10°C increase, although a fewer larger increases were seen for some 
components. Because the sample bottle was sealed during the course of the experiment, evaporation 
in not a likely cause for the observed concentration increases.

Reference

Urie, M.W. et al. 1999. Inorganic and Radiochemical Analysis of AW-10 and AN-107 �Diluted Feed� 
Materials, PNWD-2463, Battelle Pacific Northwest Division, Richland, Washington.
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Analyte AW101-SOL-30A1 AW101-SOL-30A2 Mean Std. Dev.
Cesium-137 255 264 260 6
Strontium-90 0.949 0.400 0.675 0.388
Technetium-99 0.103 0.106 0.104 0.002
Americium-241 < 6E-03 < 6E-03 < 6E-03 --
Europium-154 < 1E-02 < 9E-03 < 9E-03 --
Europium-155 < 2E-01 < 2E-01 < 2E-01 --
Total Alpha < 6E-03 < 6E-03 < 6E-03 --

Ag (0.81) (0.77) (0.79) 0.03

Al 17600 18300 17950 495

Ba < 5.0 < 5.0 < 5.0 --

Ca (9.3) (11.0) (10.2) 1.2

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 62.9 65.0 64.0 1.5

Cu (1.6) (1.6) (1.6) 0.0

Fe(b) (3.5) (3.5) (3.5) 0.0

K 24400 25600 25000 849

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 143000 145000 144000 1414

Ni (5.1) (5.3) (5.2) 0.1

P 344 358 351 10

Pb 38.9 42.7 40.8 2.7

Si(c) 264 202 233 44

Ti < 2.5 < 2.5 < 2.5 --

U 2.73 2.80 2.77 0.05

Zn(d) (6.3) (6.7) (6.5) 0.3

Zr (6.7) (6.8) (6.8) 0.1

TOC 1900 1940 1920 28

TIC 2760 2960 2860 141

Cl- 3600 4100 3850 354

F- 1300 1300 1300 0

NO3
- 118000 120000 119000 1414

SO4
2- < 1200 < 1000 < 1200 --

PO4
3- < 1200 < 1000 < 1200 --

Concentration at 30°C

Table 1. AW-101 Component Concentrations in Solution at 30°C.(a)

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are near the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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Analyte AW101-SOL-40A1 AW101-SOL-40A2 Mean Std. Dev.
Cesium-137 267 264 266 2
Strontium-90 0.519 0.696 0.608 0.125
Technetium-99 0.107 0.106 0.107 0.001
Americium-241 < 7E-03 < 6E-03 < 6E-03 --
Europium-154 < 1E-02 < 1E-02 < 1E-02 --
Europium-155 < 2E-02 < 2E-02 < 2E-02 --
Total Alpha < 7E-03 < 6E-03 < 6E-03 --

Ag (0.84) (0.81) (0.83) 0.02

Al 18600 18600 18600 0

Ba < 5.0 < 5.0 < 5.0 --

Ca (11.0) (11.0) (11.0) 0.0

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 67.5 67.4 67.5 0.1

Cu (1.6) (1.5) (1.6) 0.1

Fe(b) (4.4) (4.0) (4.2) 0.3

K 26000 26000 26000 0

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 146000 146000 146000 0

Ni (5.3) (5.2) (5.3) 0.1

P 361 357 359 3

Pb 48.6 40 44.3 6.1

Si(c) 269 274 272 4

Ti < 2.5 < 2.5 < 2.5 --

U 3.00 2.98 2.99 0.01

Zn(d) (6.6) (6.6) (6.6) 0.0

Zr (7.0) (7.0) (7.0) 0.0

TOC 2010 1960 1985 35

TIC 3040 2940 2990 71

Cl- 4050 4200 4125 106

F- 1325 1600 1462.5 194

NO3
- 131250 227000 179125 67705

SO4
2- < 1600 < 1200 < 1600 --

PO4
3- < 1400 < 1200 < 1400 --

Table 2. AW-101 Component Concentrations in Solution at 40°C.(a)

Concentration at 40°C

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are within 10 times the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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Analyte AW101-SOL-50A1 AW101-SOL-50A2 Mean Std. Dev.
Cesium-137 276 272 274 3
Strontium-90 0.534 0.352 0.443 0.129
Technetium-99 0.111 0.109 0.110 0.001
Americium-241 < 6E-03 < 8E-03 < 6E-03 --
Europium-154 < 1E-02 < 9E-03 < 9E-03 --
Europium-155 < 7E-02 < 7E-02 < 7E-02 --
Total Alpha < 6E-03 < 8E-03 < 6E-03 --

Ag (0.84) (0.82) (0.83) 0.01

Al 19200 18700 18950 354

Ba < 5.0 < 5.0 < 5.0 --

Ca (12.0) (10.0) (11.0) 1.4

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 70.6 68.8 69.7 1.3

Cu (1.2) (1.5) (1.4) 0.2

Fe(b) (4.4) (4.2) (4.3) 0.1

K 26700 26000 26350 495

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 147000 146000 146500 707

Ni (5.5) (5.5) (5.5) 0.0

P 372 364 368 6

Pb 40.7 42.0 41.4 0.9

Si(c) 248 269 259 15

Ti < 2.5 < 2.5 < 2.5 --

U 3.15 3.08 3.12 0.05

Zn(d) (7.0) (6.7) (6.9) 0.2

Zr (7.2) (7.1) (7.2) 0.1

TOC 2010 2030 2020 14

TIC 3170 2730 2950 311

Cl- 4100 4100 4100 0

F- 1600 1500 1550 71

NO3
- 126000 122000 124000 2828

SO4
2- < 1000 < 1000 < 1000 --

PO4
3- < 1000 < 1000 < 1000 --

Concentration at 50°C

Table 3. AW-101 Component Concentrations in Solution at 50°C.(a)

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are within 10 times the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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SD of

Analyte 40°C 50°C %RSD(c) % Change(c) 40°C 50°C
Cesium-137 2.3 5.6 1.6 2.3 1.02 2.46
Strontium-90 -9.9 -34.3 39.1 55.3 -0.18 -0.62
Technetium-99 2.4 5.5 1.4 2.0 1.20 2.69
Americium-241 (d) (d) (d) (d) (d) (d)
Europium-154 (d) (d) (d) (d) (d) (d)
Europium-155 (d) (d) (d) (d) (d) (d)
Total Alpha (d) (d) (d) (d) (d) (d)

Ag (4.4) (5.1) 2.7 3.9 1.15 1.31

Al 3.6 5.6 1.9 2.7 1.33 2.05

Ba (d) (d) (d) (d) (d) (d)

Ca 8.4 8.4 10.1 14.3 0.59 0.59

Cd (0.0) (0.0) 3.4 4.9 0.00 0.00

Co (d) (d) (d) (d) (d) (d)

Cr 5.5 9.0 1.7 2.4 2.27 3.73

Cu -(3.1) -(15.6) 9.4 13.4 -0.23 -1.17

Fe (20.0) (22.9) 4.3 6.1 3.27 3.74

K 4.0 5.4 2.2 3.2 1.26 1.70

La (d) (d) (d) (d) (d) (d)

Mg (d) (d) (d) (d) (d) (d)

Mn (d) (d) (d) (d) (d) (d)

Mo (d) (d) (d) (d) (d) (d)

Na 1.4 1.7 0.6 0.9 1.55 1.94

Ni (1.0) (5.8) 1.8 2.5 0.39 2.33

P 2.3 4.8 1.9 2.7 0.84 1.79

Pb 8.6 1.3 8.9 12.6 0.68 0.11

Si(e) 16.5 10.9 11.4 16.1 1.03 0.68

Ti (d) (d) (d) (d) (d) (d)

U 8.1 12.7 1.4 2.0 4.08 6.35

Zn (1.5) (5.4) 3.1 4.4 0.35 1.23

Zr (3.7) (5.9) 0.8 1.2 3.15 5.04

TOC 3.4 5.2 1.4 2.0 1.72 2.64

TIC 4.5 3.1 6.9 9.7 0.47 0.32

Cl- 7.1 6.5 5.5 7.8 0.92 0.83

F- 12.5 19.2 8.1 11.5 1.09 1.68

NO3
- 10.3(f)

4.2 1.82(f) 2.57(f) 4.01(f) 1.63(f)

SO4
2- (d) (d) (d) (d) (d) (d)

PO4
3- (d) (d) (d) (d) (d) (d)

%Change / SD of % Change(c)

Table 4. Concentration Changes Relative to 30°C(a)

Change, %(b)

(a) Values in parentheses are for analytes that were within 10 times the analytical detection limit.
(b) The percent change is given by: %Change = 100*(CT - C30)/C30, where CT is the average 

concentration at temperature T (40 or 50°C) and C30 is the average concentration at 30°C.
(c) %RSD is the percent relative standard deviation, obtained as the root mean square of the %RSD 
values at 30°C, 40°C, and 50°C. SD of % Change is the standard deviation of the % Change values at 
40°C and 50°C, both relative to 30°C.  It is computed as Sqrt(2)*%RSD.  % Change/SD of % Change is 
the number of standard deviations the % Change value is from zero.  Assuming a statistical t-
distribution with 3 degrees of freedom, % Change/SD of % Change values must be larger than 1.64 to be 
significant at the 90% (one-sided) confidence level.  Such values, and their corresponding % Change 
values, are shown in boldface.
(d) Analyte not detected.
(e) The values for Si should be veiwed with caution because of the high process blank.

(f) Value obtained using a value of 131250 µg NO3
-/mL at 40°C.
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Introduction

BNFL, Inc. (BNFL) is under contract with the U.S. Department of Energy, River Protection Project 
(DOE-RPP) to design, construct, and operate facilities for the treatment of wastes stored in the 
single-shell and double-shell tanks at the Hanford Site, Richland Washington. BNFL has contracted 
with Battelle Pacific Northwest Division to conduct tests to verify and validate the BNFL waste 
treatment process. The DOE-RPP has provided samples from tanks 241-AW-101, 241-AN-107,
241-C-104, and 241-C-106 to BNFL for this purpose.

This report describes the results of a test conducted by Battelle to assess the solubility of the solids 
entrained in the diluted AW-101 low-activity waste (LAW) sample. BNFL requested Battelle to 
dilute the AW-101 sample using de-ionized water to mimic expected plant operating conditions. 
BNFL further requested Battelle to assess the solubility of the solids present in the diluted AW-101
sample versus temperature conditions of 30, 40, and 50°C.  BNFL requested these tests to assess the 
composition of the LAW supernatant and solids versus expected plant-operating conditions. The 
work was conducted according to test plan BNFL-TP-29953-7, Rev. 0, Determination of the Solubility of
LAW Entrained Solids.  The test went according to plan, with no deviations from the test plan.

Personnel

The Battelle personnel and their responsibilities in performing this test are given below.

Staff Member Responsibilities

G.J. Lumetta
Cognizant scientist. Prepared test plan and designed 
experiment. Supervised performance of the test. Prepared 
analytical service request. Interpreted data and reported results.

R.C. Lettau Hot cell technician. Performed test.

M.W. Urie Managed chemical and radiochemical analytical work.

B.M. Rapko Technical reviewer.

K.P. Brooks Task Leader.

G.F. Piepel Statistical analysis of the data.

Experimental

Sample Description.  The sample used in this test was labeled as AW-101 ST. The homogenization, 
dilution, caustic adjustment, and sub-sampling of the as-received AW-101 sample were described by 
Urie 1999. The total volume of sample AW-101 ST was 25 mL and it contained approximately 2 mL 
of settled solids.

Apparatus. The apparatus used consisted of an aluminum heating block placed on a hot 
plate/stirrer.  The hot plate/stirrer was modified so that separate power could be applied to the 
heating and stirring functions.  This allowed for continuous stirring, while the hot plate was powered 
by a temperature controller. The temperature controller used was a J-KEM Model 270 (J-KEM
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Electronics, Inc., St. Louis, MO).  This temperature controller consists of two separate circuits. One 
is the temperature control circuit, while the other serves as an over-temperature device, which shuts 
down the system if a preset temperature is exceeded. The set point for the over-temperature circuit 
was set at 60°C for this test. A dual K-type thermocouple (model number CASS-116G-12-DUAL,
Omega Engineering, Stamford, CT) was used to provide inputs to the temperature controller and 
over-temperature circuits. Both the J-KEM Model 270 and the dual thermocouple were calibrated 
before use. The aluminum heating block contained two wells. A vial containing water was placed in 
one of the wells, with the thermocouple wedged between this vial and the aluminum block. The vial 
containing the sample was placed in the other well.

Procedure.(a) The sample in AW-101 ST was mixed by swirling. The homogenized slurry was then 
transferred to a 30-mL high density polyethylene (HDPE) vial (this vial also contained a
Teflon®-coated magnetic stir bar). The sample was heated and stirred at 30 ± 2 °C for 1.5 h. Two 
aliquots (2-mL each) were taken for analysis. Each aliquot was immediately filtered through a 
0.45-µm nylon syringe filter that had been preheated by immersion in a boiling water bath. The filter 
was preheated to avoid precipitation during the filtration step. The temperature was increased to 
40 ± 2 °C and the sample was stirred for 16.75 h.(b) The mixture was sampled in the same manner as 
described above. The temperature was increased to 50 ± 2 °C and the sample was stirred for 1.25 h. 
Again, the mixture was sampled in the same manner as described above. The filtered samples were 
subjected to the following analytical procedures: IC(anions), TOC/TIC, acid digestion, ICP/AES, 
ICP-MS(Tc-99), Sr-90, total alpha, total uranium, and GEA.

Results

Tables 1, 2, and 3 present the concentrations of various waste components at 30, 40, and 50°C, 
respectively. Table 4 shows the changes in the concentrations at 40 and 50°C relative to those at 
30°C. Appendix D discusses a graphical analysis of the data, as well as linear regression results of 
fitting component concentrations versus temperature. The following discussion is organized 
according to the following types of components: 1) radionuclides, 2) bulk metals and carbon, and 3) 
anions.

Radionuclides. The data suggest that the 137Cs concentration increased slightly with temperature. 
Increases of 2.3 and 5.6% in the 137Cs concentration occurred in going from 30 to 40°C and from 30 
to 50°C, respectively. Nearly identical increases were seen in the 99Tc concentrations. The increases
in 137Cs and 99Tc concentrations from 30 to 50°C were statistically significant (see Table 4). Linear 
regressions of 137Cs and 99Tc concentrations versus temperature had statistically significant positive 
slopes (see Appendix D).

On the other hand, the 90Sr concentrations appeared to decrease with increasing temperature. 
However there is considerable scatter in the 90Sr data; the standard deviations range from 20 � 58% 
of the mean 90Sr concentration values at each temperature. Thus, the indicated changes in the 90Sr

(a) The test plan and the associated procedural notes are included as Appendix A to this report.
(b) The test plan required the AW-101 sample to be maintained at temperature for at least 1 hour before 

sampling. For convenience, the sample was maintained at 40°C overnight. It should be noted that 
this test was not designed to address the kinetics of dissolution. Kinetics could potentially be 
important regarding the phenomena investigated here, but separate testing would be required to 
address this issue.
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concentrations are not statistically significant (see Table 4).  Similarly, the linear regression of 90Sr
concentration versus temperature had a slope that was not statistically different from zero (see 
Appendix D). The reason for the relatively high uncertainty in 90Sr concentrations was the relatively 
high background caused by the 85Sr tracer that was added in the analytical procedure to monitor Sr 
recovery.

All the transuranic elements (alpha emitters) were below the detection limits. Likewise, the europium 
isotopes 154,155Eu were not detected. It should be noted that the detection limits for the Eu isotopes 
were somewhat high because of the strong 137Cs activity in the sample.

Bulk Metals and Carbon. Most of the metals analyzed showed slight concentration increases with 
increasing temperature. Most notable are the increases seen for Al, Cr, and U. Increases in these 
three components are statistically significant based on the analyses presented in Table 4 and 
Appendix D. The Fe concentration increased approximately 20% when the temperature was raised 
to 40 or 50°C, with the increases assessed to be statistically significant (see Table 4). However, Fe 
was near the detection limit so that there is significant experimental uncertainty associated with this 
result.  The concentrations of K, Na, Ni, P, and Zr also displayed statistically significantly increases 
with increasing temperature.

The total organic carbon (TOC) concentration in the AW-101 solution also increased slightly with 
increasing temperature, with the increase being statistically significant (see Table 4 and Appendix D). 
The average total inorganic carbon (TIC) concentration increased when the temperature was raised 
from 30 to 40°C, but the TIC concentration did not increase further when the temperature was 
raised to 50°C. The changes from 30 to 40°C and 30 to 50°C are not statistically significant, because 
of the experimental uncertainties in the TIC measurements (see Table 4).

Anions. The data suggest that the F- concentration increased with temperature, with the increase 
being statistically significant. Increases of 12.5 and 19.2% in the F- concentration occurred in going 
from 30 to 40°C and from 30 to 50°C, respectively (see Table 4).  The linear regression of F-

concentration versus temperature also had a statistically significant positive slope (see Appendix D). 
The data also suggest the average Cl- concentration increased when the temperature was raised from 
30 to 40°C, although the increase was not statistically significant (see Table 4).  The Cl-
concentration did not increase further when the temperature was raised to 50°C. Statistical analyses 
of these data suggest the F- and Cl- concentration increases should be considered with caution as 
there is considerable scatter in the data. Sulfate and phosphate ions were below the detection limits 
of the ion chromatograph. Assuming phosphate ion is the dominant form of P in solution, the 
behavior of PO4

3- can be deduced from the ICP data as discussed above.

In determining the concentration of NO3
-, there was a significant discrepancy between the duplicate 

analyses for the solution taken at 40°C.  In particular, the nitrate concentration value obtained for 
sample AW101-SOL-40A2 was about twice that obtained for sample AW101-SOL-40A1.
Furthermore, the value of 131,250 µg/mL obtained for sample AW101-SOL-40A1 was more in line 
with those obtained for the solution at 30 and 50°C. This strongly suggests that the value reported 
for AW101-SOL-40A2 is in error. Perhaps this error was caused by nitrate contamination of the 
sample, or a dilution error.  Using the value of 131,250 µg/mL at 40°C, the data suggest a 10% 
increase in the nitrate concentration when the temperature is raised from 30 to 40°C.  However, 
there was a decrease in the nitrate concentration when the temperature was raised from 40 to 50°C. 
The linear regression of NO3

- concentration versus temperature (omitting the concentration value 
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for AW101-SOL-40A2 as an outlier) had a statistically significant lack of fit (see Appendix D).  This 
result suggests that a quadratic rather than linear relationship may be more appropriate.  However, 
the limited nature of the data (especially after omitting the outlier) raises the question whether the 
decrease between 40 and 50°C is significant.

Conclusions

The data are limited because they are based on a single AW-101 sample, from which was obtained 
two subsamples/analyses at each of three temperatures.  Further, the data for some AW-101
components are subject to considerable uncertainty.  However, there does appear to be an overall 
trend for the concentrations of certain AW-101 waste components (e.g., 137Cs, 99Tc, Al, Cr, K, Na, 
Ni, P, U, Zr, TOC, F-, and NO3

-) to increase with increasing temperature.  Typical increases were on 
the order of 2 to 5% for each 10°C increase, although a fewer larger increases were seen for some 
components. Because the sample bottle was sealed during the course of the experiment, evaporation 
in not a likely cause for the observed concentration increases.

Reference

Urie, M.W. et al. 1999. Inorganic and Radiochemical Analysis of AW-10 and AN-107 �Diluted Feed� 
Materials, PNWD-2463, Battelle Pacific Northwest Division, Richland, Washington.
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Analyte AW101-SOL-30A1 AW101-SOL-30A2 Mean Std. Dev.
Cesium-137 255 264 260 6
Strontium-90 0.949 0.400 0.675 0.388
Technetium-99 0.103 0.106 0.104 0.002
Americium-241 < 6E-03 < 6E-03 < 6E-03 --
Europium-154 < 1E-02 < 9E-03 < 9E-03 --
Europium-155 < 2E-01 < 2E-01 < 2E-01 --
Total Alpha < 6E-03 < 6E-03 < 6E-03 --

Ag (0.81) (0.77) (0.79) 0.03

Al 17600 18300 17950 495

Ba < 5.0 < 5.0 < 5.0 --

Ca (9.3) (11.0) (10.2) 1.2

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 62.9 65.0 64.0 1.5

Cu (1.6) (1.6) (1.6) 0.0

Fe(b) (3.5) (3.5) (3.5) 0.0

K 24400 25600 25000 849

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 143000 145000 144000 1414

Ni (5.1) (5.3) (5.2) 0.1

P 344 358 351 10

Pb 38.9 42.7 40.8 2.7

Si(c) 264 202 233 44

Ti < 2.5 < 2.5 < 2.5 --

U 2.73 2.80 2.77 0.05

Zn(d) (6.3) (6.7) (6.5) 0.3

Zr (6.7) (6.8) (6.8) 0.1

TOC 1900 1940 1920 28

TIC 2760 2960 2860 141

Cl- 3600 4100 3850 354

F- 1300 1300 1300 0

NO3
- 118000 120000 119000 1414

SO4
2- < 1200 < 1000 < 1200 --

PO4
3- < 1200 < 1000 < 1200 --

Concentration at 30°C

Table 1. AW-101 Component Concentrations in Solution at 30°C.(a)

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are near the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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Analyte AW101-SOL-40A1 AW101-SOL-40A2 Mean Std. Dev.
Cesium-137 267 264 266 2
Strontium-90 0.519 0.696 0.608 0.125
Technetium-99 0.107 0.106 0.107 0.001
Americium-241 < 7E-03 < 6E-03 < 6E-03 --
Europium-154 < 1E-02 < 1E-02 < 1E-02 --
Europium-155 < 2E-02 < 2E-02 < 2E-02 --
Total Alpha < 7E-03 < 6E-03 < 6E-03 --

Ag (0.84) (0.81) (0.83) 0.02

Al 18600 18600 18600 0

Ba < 5.0 < 5.0 < 5.0 --

Ca (11.0) (11.0) (11.0) 0.0

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 67.5 67.4 67.5 0.1

Cu (1.6) (1.5) (1.6) 0.1

Fe(b) (4.4) (4.0) (4.2) 0.3

K 26000 26000 26000 0

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 146000 146000 146000 0

Ni (5.3) (5.2) (5.3) 0.1

P 361 357 359 3

Pb 48.6 40 44.3 6.1

Si(c) 269 274 272 4

Ti < 2.5 < 2.5 < 2.5 --

U 3.00 2.98 2.99 0.01

Zn(d) (6.6) (6.6) (6.6) 0.0

Zr (7.0) (7.0) (7.0) 0.0

TOC 2010 1960 1985 35

TIC 3040 2940 2990 71

Cl- 4050 4200 4125 106

F- 1325 1600 1462.5 194

NO3
- 131250 227000 179125 67705

SO4
2- < 1600 < 1200 < 1600 --

PO4
3- < 1400 < 1200 < 1400 --

Table 2. AW-101 Component Concentrations in Solution at 40°C.(a)

Concentration at 40°C

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are within 10 times the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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Analyte AW101-SOL-50A1 AW101-SOL-50A2 Mean Std. Dev.
Cesium-137 276 272 274 3
Strontium-90 0.534 0.352 0.443 0.129
Technetium-99 0.111 0.109 0.110 0.001
Americium-241 < 6E-03 < 8E-03 < 6E-03 --
Europium-154 < 1E-02 < 9E-03 < 9E-03 --
Europium-155 < 7E-02 < 7E-02 < 7E-02 --
Total Alpha < 6E-03 < 8E-03 < 6E-03 --

Ag (0.84) (0.82) (0.83) 0.01

Al 19200 18700 18950 354

Ba < 5.0 < 5.0 < 5.0 --

Ca (12.0) (10.0) (11.0) 1.4

Cd (2.1) (2.0) (2.1) 0.1

Co < 12.5 < 12.5 < 12.5 --

Cr 70.6 68.8 69.7 1.3

Cu (1.2) (1.5) (1.4) 0.2

Fe(b) (4.4) (4.2) (4.3) 0.1

K 26700 26000 26350 495

La < 12.5 < 12.5 < 12.5 --

Mg < 50 < 50 < 50 --

Mn < 2.5 < 2.5 < 2.5 --

Mo < 15 < 15 < 15 --

Na 147000 146000 146500 707

Ni (5.5) (5.5) (5.5) 0.0

P 372 364 368 6

Pb 40.7 42.0 41.4 0.9

Si(c) 248 269 259 15

Ti < 2.5 < 2.5 < 2.5 --

U 3.15 3.08 3.12 0.05

Zn(d) (7.0) (6.7) (6.9) 0.2

Zr (7.2) (7.1) (7.2) 0.1

TOC 2010 2030 2020 14

TIC 3170 2730 2950 311

Cl- 4100 4100 4100 0

F- 1600 1500 1550 71

NO3
- 126000 122000 124000 2828

SO4
2- < 1000 < 1000 < 1000 --

PO4
3- < 1000 < 1000 < 1000 --

Concentration at 50°C

Table 3. AW-101 Component Concentrations in Solution at 50°C.(a)

(a) Concentrations for radionuclides are in units of µCi/mL; all other components are in 
units of µg/mL. Values in parentheses are within 10 times the analytical detection limit.
(b) The process blank had a relatively high Fe content of 0.4 µg/mL.
(c) The process blank had a relatively high Si content of 119 µg/mL.
(d) The process blank had a relatively high Zn content of 0.3 µg/mL.
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SD of

Analyte 40°C 50°C %RSD(c) % Change(c) 40°C 50°C
Cesium-137 2.3 5.6 1.6 2.3 1.02 2.46
Strontium-90 -9.9 -34.3 39.1 55.3 -0.18 -0.62
Technetium-99 2.4 5.5 1.4 2.0 1.20 2.69
Americium-241 (d) (d) (d) (d) (d) (d)
Europium-154 (d) (d) (d) (d) (d) (d)
Europium-155 (d) (d) (d) (d) (d) (d)
Total Alpha (d) (d) (d) (d) (d) (d)

Ag (4.4) (5.1) 2.7 3.9 1.15 1.31

Al 3.6 5.6 1.9 2.7 1.33 2.05

Ba (d) (d) (d) (d) (d) (d)

Ca 8.4 8.4 10.1 14.3 0.59 0.59

Cd (0.0) (0.0) 3.4 4.9 0.00 0.00

Co (d) (d) (d) (d) (d) (d)

Cr 5.5 9.0 1.7 2.4 2.27 3.73

Cu -(3.1) -(15.6) 9.4 13.4 -0.23 -1.17

Fe (20.0) (22.9) 4.3 6.1 3.27 3.74

K 4.0 5.4 2.2 3.2 1.26 1.70

La (d) (d) (d) (d) (d) (d)

Mg (d) (d) (d) (d) (d) (d)

Mn (d) (d) (d) (d) (d) (d)

Mo (d) (d) (d) (d) (d) (d)

Na 1.4 1.7 0.6 0.9 1.55 1.94

Ni (1.0) (5.8) 1.8 2.5 0.39 2.33

P 2.3 4.8 1.9 2.7 0.84 1.79

Pb 8.6 1.3 8.9 12.6 0.68 0.11

Si(e) 16.5 10.9 11.4 16.1 1.03 0.68

Ti (d) (d) (d) (d) (d) (d)

U 8.1 12.7 1.4 2.0 4.08 6.35

Zn (1.5) (5.4) 3.1 4.4 0.35 1.23

Zr (3.7) (5.9) 0.8 1.2 3.15 5.04

TOC 3.4 5.2 1.4 2.0 1.72 2.64

TIC 4.5 3.1 6.9 9.7 0.47 0.32

Cl- 7.1 6.5 5.5 7.8 0.92 0.83

F- 12.5 19.2 8.1 11.5 1.09 1.68

NO3
- 10.3(f)

4.2 1.82(f) 2.57(f) 4.01(f) 1.63(f)

SO4
2- (d) (d) (d) (d) (d) (d)

PO4
3- (d) (d) (d) (d) (d) (d)

%Change / SD of % Change(c)

Table 4. Concentration Changes Relative to 30°C(a)

Change, %(b)

(a) Values in parentheses are for analytes that were within 10 times the analytical detection limit.
(b) The percent change is given by: %Change = 100*(CT - C30)/C30, where CT is the average 

concentration at temperature T (40 or 50°C) and C30 is the average concentration at 30°C.
(c) %RSD is the percent relative standard deviation, obtained as the root mean square of the %RSD 
values at 30°C, 40°C, and 50°C. SD of % Change is the standard deviation of the % Change values at 
40°C and 50°C, both relative to 30°C.  It is computed as Sqrt(2)*%RSD.  % Change/SD of % Change is 
the number of standard deviations the % Change value is from zero.  Assuming a statistical t-
distribution with 3 degrees of freedom, % Change/SD of % Change values must be larger than 1.64 to be 
significant at the 90% (one-sided) confidence level.  Such values, and their corresponding % Change 
values, are shown in boldface.
(d) Analyte not detected.
(e) The values for Si should be veiwed with caution because of the high process blank.

(f) Value obtained using a value of 131250 µg NO3
-/mL at 40°C.
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